The effect of low pH on net H+ release and root growth of corn (Zea mays L.) and broad bean (Vicia faba L.) seedlings was investigated in short-term experiments at constant pH. Broad bean was more sensitive to low pH than corn: the critical values (pH values below which net H+ release and root growth ceased) were pH 4.00 (broad bean) and pH 3.50 (com) magnesium (1, 9, 22). On the other hand, low pH (high H+ activity) may directly inhibit plant growth (2, 15, 25, 26, 28, 30) , probably by adverse effects at the root plasmalemma level. An increase of plasmalemma permeability at high H+ activity in the medium has been shown to be alleviated by the addition of calcium (15, 17, 19, 20) . Likewise, plant growth at low pH was improved at higher calcium concentrations (9, 20) . Calcium is believed to have a specific function at the external side of the plasmalemma for membrane integrity (5, 13) .
Low pH in the soil may affect plant growth indirectly, e.g. by elevated aluminum or manganese solubility and by limited availability of molybdenum, phosphorus, calcium, or magnesium (1, 9, 22) . On the other hand, low pH (high H+ activity) may directly inhibit plant growth (2, 15, 25, 26, 28, 30) , probably by adverse effects at the root plasmalemma level. An increase of plasmalemma permeability at high H+ activity in the medium has been shown to be alleviated by the addition of calcium (15, 17, 19, 20) . Likewise, plant growth at low pH was improved at higher calcium concentrations (9, 20) . Calcium is believed to have a specific function at the external side of the plasmalemma for membrane integrity (5, 13) .
It has recently been suggested that at low pH net H+ release by H+ ATPase activity is restricted, thus limiting dry matter production during vegetative plant growth (26, 28) . With respect to net H+ release and growth at high H+ activity in the root medium, broad bean seems to be particularly sensitive to low pH (22, 26) . Although there are various reports in the literature describing species differences in acidity tolerance (2, 12, 21) , nothing is known about the role of net H' release in acidity tolerance.
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The aim of our present investigation was to test for species differences with respect to net H+ release at low pH and to test the effect of these differences in net H+ release on root growth rate. From the results by Islam et al. ( 12) , it appeared that corn was more tolerant of low pH than broad bean. Therefore, we chose corn and broad bean to evaluate the effect of high H+ activity in the root medium on net H+ release and root growth under various experimental conditions. Furthermore, we investigated whether at low pH in the root medium proton pumping by H+ ATPase is limited by ATP energy supply.
MATERIALS AND METHODS

Plant Cultivation
Corn (Zea mays L. cv Blizzard) and broad bean (Viciafaba L. cv Alfred) seeds were soaked in 0.5 mM CaSO4 for 1 d and then germinated at 25C in the dark on filter paper moistened with 0.5 mm CaSO4. After 3 to 4 d, seedlings were transferred to a stainless steel mesh suspended over an 0.5 mM CaSO4 solution in the dark. This procedure was chosen to obtain (corn) plants with one For the analysis of ATP, root fresh matter was rapidly frozen in liquid N2 and analyzed enzymically as described by Schubert and Mengel (24) .
Statistical Treatment
Variation is indicated by SE. Significant differences between treatments were calculated by using the t test.
RESULTS
Root growth of both corn and broad bean was markedly reduced by high H' activity (low pH) in the medium (Fig. 1) . However, growth of corn roots was more tolerant of high H' activity than growth of broad bean. Whereas at 32 /M H' (pH 4.50) similar growth rates were observed for the two species, which root growth ceased (broad bean, pH 4.00; corn, pH 3.50), and (b) critical pH value below which net H+ release ceased (broad bean, pH 4.00; corn, pH 3.50). Differences in acidity tolerance of the two species may be related to these critical values. However, the decrease in root growth rate with a lowering of net proton release was identical for broad bean and corn (identical slopes of the regression lines). This indicates a similar response of root growth of the two species to an increase in H+ activity but on different levels (Fig. 2) . Figure 3 demonstrates the impairment of roots observed below or at the critical pH values. After 2 d treatment with pH 3.25 (corn) or pH 4.00 (broad bean), roots of both species appeared healthy except for the extension zones which were constricted and looked gray. Root tips (meristems, root caps), however, appeared to be vital at this stage (they were turgid). Corn root tips changed color to typical red or violet pigmentation. Additionally, in contrast to broad bean, corn roots initiated laterals (Fig. 3) .
As observed earlier in long-term growth experiments (26) Higher Ca2" concentration (5 mm relative to 1 mM) in the root medium significantly promoted net H+ release of both species (P < 0.1%), whereas the reverse was true for lower Ca2+ concentration (0.1 mM; Table I ). At the same time, higher Ca2+ concentration in the root medium increased root growth rate (P < 0.1%). Again, the reverse was found for lower Ca2" concentration. The Ca2' requirement of corn at a given pH (e.g. pH 4.1) was lower than that of broad bean. Thus, at pH 4.1, root growth rate of corn was not further increased by 5 mm relative to 1 mm CaSO4 (Table I) .
Testing the effect of K+ on net H+ release and root growth rate, significant differences were observed for corn but not for broad bean (P < 5%) ( (Fig. 4) . Reduction of net H+ release at low pH in the medium may be due to a lack of active H+ pumping or, alternatively, to (Fig. 5 ). At this moderately low pH, net H+ release rates were (at least transiently) changed to net H+ uptake (Fig. 5a ), ATP concentrations were first slightly reduced but significantly increased after 45 min (Fig. 5b) , and 02 uptake rates increased at pH 4.0 relative to pH 7.0 (Fig. 5c ). These results indicate that, at moderately low pH, corn may cope with high H+ activity in the root medium by increasing root respiration and ATP concentrations, which in turn increase net H+ release (Fig. Sa) . In the long run, corn is capable of net H+ release at pH 4 ( Fig. 2a) , whereas broad bean is not (Fig. 2b , Table III) . At the critical pH values (corn, 3.5; broad bean, 4.1), root respiration of both species was significantly reduced relative to pH 7.0 (Fig. 6) . However, as demonstrated for corn (Fig.  7b) Figure 6 . Effect of medium pH on the respiration rate of corn (a) and broad bean (b) root tips. Seedlings were grown at pH 7.0 (0) or 3.5 and 4.1 (0) (corn and broad bean, respectively) in 1 mm CaSO4 for 2 d, and root tips were then incubated in identical medium for 02 uptake measurement as described in "Matenals and Methods." Significant differences at *P = 5%, **P = 1%, or ***P = 0.1% level. RFW, Root fresh weight.
tions declined to about 30 ,umol/g root dry weight (data not shown).
As observed for corn roots, malate concentrations decreased in broad bean roots when plants were kept at pH 4.1 (Table  IV) . Pyruvate, on the other hand, was not changed by low pH, and lactate only slightly increased in broad bean roots when roots kept at pH 7.0 were compared with those at pH 4.1 (Table IV) .
DISCUSSION
Comparison of Corn and Broad Bean
Our results have shown that acidification of the root medium (increase in H+ activity) reduced net H+ release and root growth of both corn and broad bean (Fig. 2, Table I ). Root growth and net H+ release were linearly correlated between pH 3.25 and 6.50 (corn) and pH 3.75 and 5.00 (broad bean), suggesting a close relationship between the two parameters (Fig. 2) . Also, the slopes of the regression lines were identical for the two species. This indicates that, according to the hypothesis that net H+ release limits growth at low pH (26, 28) , a given decrease in net H+ release reduced root growth of broad bean and corn to the same extent. Nevertheless, corn was more tolerant of high H+ activity in the root medium than broad bean (Fig. 1) . This is manifested by the fact that at 1 mm CaSO4 net H+ release and root growth ceased below pH 3.50 (corn) or below pH 4.00 (broad bean; Fig. 2 : intersections of the regression lines with the y axis). Even though corn does not rank among the most acid-tolerant plant species (12) , it is appreciably more tolerant of high H+ activity than broad bean.
Additional supply of calcium to the root medium triggered net H+ release and stimulated root growth, whereas the reverse was found when calcium supply was reduced (Table I) . The same applies to K treatment of corn and ABA treatment of broad bean: in both cases an increase in net H+ release at the critical pH stimulated root growth (Tables II and III) . These results support the hypothesis that net H+ release by H+ ATPase activity is a basic necessity of root growth and limits growth at low pH (26, 28) . Does H+ ATPase Activity Limit Net H+ Release at Low pH?
Even though we did not measure H+ ATPase activity, two lines of evidence indicate that it was not active H+ pumping that limited net H+ release but rather that reentry of H+ back into root cells was enhanced at low medium pH.
(a) High Ca2" concentrations in the root medium changed net H+ uptake to net H+ release or increased net H+ release (Table I) . It has been shown (5, 13) that high Na+ activities in the external medium displace Ca2" from external plasmalemma-binding sites and thereby increase Na+ influx into root cells (6, 14) . High Ca2" concentrations may counteract this effect. Calcium displacement from external plasmalemma- Serrano (27) , net H+ release by H+ ATPase activity is essential for (a) nutrient uptake, (b) turgor generation, (c) external acidification for cell wall loosening (acid growth theory), and (d) cytoplasmic pH regulation. It is unlikely that root growth was inhibited because of a lack of nutrient uptake (3, 26) . Also, addition of potassium, whose uptake is closely related to H+ extrusion (4, 1 1), only slightly increased net H' release and root growth of corn but failed in the case of broad bean (Table II) (Fig. 2) , a more distinct cytoplasmic pH decrease may be expected at the critical value pH 3.50. Incomplete cytoplasmic pH regulation may also be inferred from a drastic decrease of malate concentrations in the root tissues of both species at low pH (Table IV, Fig. 7a ). Contrary to malate, pyruvate and lactate were not reduced (Table IV) . Decarboxylation of malate has been postulated to be part of a biochemical pH stat system that helps to stabilize cytoplasmic pH when acidification occurs (7) . Because in root tips (small degree of vacuolation) malate was almost completely exhausted (data not shown), it is likely that at critical medium pH not only the biophysical (H+ ATPase) but also the biochemical pH stat system failed to control cytoplasmic pH.
Apparently, corn roots were capable of adapting to pH 4 because respiration and ATP concentrations increased, thereby reducing net H+ uptake within several minutes (Fig.  5) . Within hours at pH 4, corn changed net H+ uptake to net H+ release (Fig. 2) . In contrast, critical pH values reduced respiration rates of both species (Fig. 6 ) without decreasing ATP concentrations (Fig. 7) . This may indicate lower ATP demand under conditions of inhibited growth processes. It is interesting that root growth at high H+ activity was primarily affected not in the meristematic tissue but in the extension zone (Fig. 3) . Inhibition of extension growth of broad bean at low pH was overcome by external application of ABA (Fig. 4) which increases ATP levels in roots (S. Schubert, unpublished data). Further work is focused on the question of how cytosolic acidification controls extension growth.
